Abstract: Denaturing gradient gel electrophoresis (DGGE) and multivariate statistical analytical methods were applied to investigate the spatial variation of bacterial community structure in the Pearl River estuary sediment and to address the relationship between microbial community composition and bottom water chemistry in ten different stations. Preliminary results of sequencing analysis of the excised DGGE bands suggested that α-Proteobacteria, γ-Proteobacteria, Acidobacteria and Actinobacteria were the dominant bacterial groups in the Pearl River estuary sediment. Results of multidimensional scaling analysis of these field data suggested that the composition of bacterial communities varied with sampling sites. Finally, canonical correspondence analysis of the data of environmental variables and bacterial community suggested that bacterial community structure was significantly influenced by the change of environmental variables (total phosphorus, nitrite, ammonium, dissolved oxygen, pH and salinity).
Introduction
Estuaries are buffer zones between rivers and oceans, where runoff particles and suspended sediment are transported, stored, and modified (Jay & Musiak 1994; Arzayus & Canuel 2005 ). An estuary ecosystem, a mixture of various habitat types, is extremely dynamic and influenced by a host of physical, biogeochemical, and meteorological factors. Inorganic nutrients in this system are usually stored by sedimentation and released back to the water column by processes such as mineralization (Mortimer et al. 1999) . Microbial communities play important roles in a number of rate processes including particulate carbon export, nutrient regeneration and biochemical cycling in estuaries (Binnerup et al. 1992; Sinsabaugh & Findlay 1995; Pinckney et al. 2001; Yokokawa & Nagata 2010) . On the other hand, microbial communities are highly diverse in coastal oceans and response rapidly with changing environments, which are often involved in variations of nutrient contents in sediments and bottom water (Bostrm et al. 1988; Van Duyl et al. 1993) . While the importance of studying microbial ecology at the community level for marine environments has been appreciated for a long time, it is that cultureindependent molecular-based approaches are available and applied to describe the taxonomic compositions of the complex microbial communities in coastal oceans (Crump et al. 1999; Scala & Kerkhof 2000; Sahm et al. 2001; Pernthaler et al. 2002; Koizumi et al. 2003; Freitag et al. 2006) . These advances in technology allow us to acquire detail information on the phylogeny and spatial pattern of non-cultivable microorganisms in aquatic and sediment environments (Hewson & Fuhrman 2006; Gontang et al. 2007; De Corte et al. 2008) . Among these methods, phylogenetic analysis of 16S rRNA genes using denaturing gradient gel electrophoresis (DGGE) is one of the most valuable tools for studying bacterial community structures in complex systems such as estuarine sediments (Muyzer & Smalla 1998; Beman & Francis 2006; Freitag et al. 2006) . One common bias of this technique is the separation of DNA fragment of the same size with different base-pair sequences (Muyzer et al. 1993) . The sensitivity of PCR-DGGE technique can however be impacted by low DNA concentrations or by the presence of high concentrations of competing DNA (Ogier et al. 2002) . Despite these problems, PCR-DGGE method remains a powerful technique and has been routinely employed for monitoring microbial di-Bacterial community structure in the Pearl River estuary sediment 575 versity under the changing environments (Davies et al. 2004) .
A large number of studies in the literature have focused on determining the distribution of bacterial communities in coastal environments (King et al. 2000; Bernhard et al. 2005; Freitag et al. 2006 ). However, mechanisms on how environmental changes influence the diversity of bacterial communities and their fates in coastal ecosystems are not well understood. To address these scientific questions, field studies are needed to investigate the interaction of microorganisms with sediment biogeochemistry, especially the bottom water properties (Hollander & Smith 2001; Pimenov et al. 2010) . Given the highly dynamic nature of microbial communities and their living environments, a statistical analysis of complex linkages is essential for adequately interpreting the field observations. A common statistical approach to assess the relationships between microorganism and environmental factors involves multivariate techniques, such as multidimensional scaling analysis (MDSA) and canonical correspondence analysis (CCA). Application of these statistical techniques in the study of some coastal sediments suggested that activities and structures of bacterial communities can strongly be influenced by the change of environmental factors such as total organic carbon, total phosphorus (TP), pH and many other physico-chemical variables (Rooney-Varga et al. 2005; Haukka et al. 2006) .
The Pearl River is the second largest river in China and located in the subtropical zone of Guangdong Province, China. In recent decades, the rapid increase of human activities along the Pearl River due to the explosive economic development has become a serious challenge on local environments. For example, water quality of the Pearl River has significantly been influenced by increasing anthropogenic discharge of organic nutrients and pollutants into the system (Fu et al. 2003; Zhang et al. 2009) . A variety of chemical compounds had been found here including chlorinated and polycyclic aromatic hydrocarbons, which had led to a number of environmental issues Zhang et al. 2002; Fu et al. 2003) . Many of these chemicals would eventually reside in sediments, where their bioavailabilities for microbial transformation were reduced due to estuarine sequestration, and anaerobic processes thus became the major pathway for their remediation (Eggleton & Thomas 2004) .
A statistical understanding of the relationship between sediment bacteria and the bottom water biogeochemistry, however, has not yet been conducted in the Pearl River estuary. In this paper, PCR-DGGE method is applied to track the diversity of the bacterial community in sediments of the Pearl River estuary. Our major goals were: (i) firstly, to understand the geographic pattern of sediment bacterial community along the Pearl River estuary; (ii) secondly, to identify the major bacterial phylogenetic groups and their diversity based on culture independent techniques; and (iii) finally, to assess the impacts of environmental gradients such as nutrient variations on the microbial community structure using multivariate analysis. • C refrigerator. Bottom water samples for biogeochemical analysis were also collected from ten different sites. These samples were filtered through 0.45 µm membrane and preserved at −20
Bottom water physico-chemical parameters Dissolved oxygen (DO), salinity and pH were determined in situ using the YSI 6600 V2 Sonde water quality monitoring system (YSI Incorporated, USA). Concentrations of ammonium (NH4-N), nitrate (NO3-N), nitrite (NO2-N), silicate (SiO3-Si), phosphate (PO4-P), total nitrogen (TN) and total phosphorus (TP) were determined by standard analytical methods described in "The Specialties for Marine Monitoring" (GB17378.4-1998, China) and Wang et al. (2008) . The water quality parameters and the analytical methods are summarized in Table 1 .
Total community DNA extraction DNA samples for total community were extracted from 1.0 g of replication wet samples using the Soil DNA Kit (Biomiga, USA). The extracted DNA was re-dissolved in 30 µL of TE buffer (10 mM Tris-HCl, 1 mM Na2EDTA, pH 8.0); then DNAs extracted from three replications in the same station were equally mixed together. The quantity and quality of DNA extracted were estimated by electrophoresis of 2.5 µL aliquots on a 0.8% agarose gel and compared to a molecular weight standard (stained with ethidium bromide). The extracted DNA samples were stored at −20
Amplification of 16S rRNA fragments A nested PCR approach was used to amplify 16S rRNA sequences derived from bacteria. First, PCR reactions were carried out using the bacterial primers 27F and 1492R (Suzuki & Giovannoni 1996 ) using a PTC-200 thermal cycler (Bio-Rad Laboratories, USA). The PCR reactions were processed in 50 µL reaction volumes containing 2,500 ng bovine serum albumin, 15 pmol of each primer, 5 mM dNTPs 4 µL, 1.25 U of Taq DNA polymerase (Takara, Japan) and 1 µL of template DNA (5-30 ng/µL). The detail procedure of thermal PCR was as follows: initial denaturation at 94
• C for 5 min followed by 35 cycles of primer annealing at 55
• C for 1min; chain extension for 1min at 72 Products were purified and used as a template for a second PCR using primers 341F and 907R to amplify bacterial 16S rRNA genes (Muyzer & Ramsing 1995) . A 40 bp GC-clamp (CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G) was added to primer 341F to increase the separation signals of DNA bands in DGGE gel (Muyzer et al. 1993) . PCR condition and enzyme used for gene amplification were the same as in the first PCR. PCR products were confirmed by analyzing 2.5 µL of the PCR product on 1.5% (w/v) agarose gel, stained with ethidium bromide and visualized using the Alpha Imager (Alpha innotech, Japan).
DGGE
An INGENYphorU-2 system (Ingeny International BV, Goes, the Netherlands) was used to perform DGGE analysis. 50 µL of the PCR products were loaded into 8% w/v acrylamide gels in 1×TAE buffer (40 mM Tris base, 20 mM acetic acid, and 1 mM Na2EDTA, pH 8.0) containing a linear chemical gradient of 40-70% denaturant (100% denaturant is defined as a mixture of 7 M urea and 40% deionized formamide). Gels were pre-run at 80 V in 1×TAE for 30 min at 60
• C before the samples were loaded, and then run at 120 V for 18 h at 60
• C. Subsequently, gels were stained with ethidium bromide solution for 30 min and rinsed with distilled water prior to viewing under UV light in an AlphaImager imaging system. Analysis of DGGE patterns DGGE banding patterns were digitized and processed using the Band Scan software 5.0 and manually corrected for further analysis. The bands which shared identical migration position were considered as the same species. Bands were visually identified and distinguished by the distance migrated and intensity in the gel, and each band was numbered and scored in each of the sediment samples. To assess the change of genetic diversity of bacterial communities in different samples, DGGE banding patterns were analyzed by MDSA (Muckian et al. 2007) . For this purpose, the dissimilarity indices were recorded in a binary matrix, which was then analyzed with the program SPSS 18.0 for Windows. The closer the plots were to each other, the more similar were the DGGE banding patterns.
CCA (CANOCO 4.5; Biometris, Wageningen, the Netherlands) was performed on a statistical analysis of the data of DGGE bacterial profiles versus the environmental variables. The resulting ordination biplot approximated the weighted average of each species with respect to environmental variables, which were represented as arrows. The length of these arrows indicated the relative importance of that environmental factor in explaining variation in bacterial profiles, with the angle between the arrows indicating the degree to which they were correlated. A Monte-Carlo permutation test based on 199 random permutations was used to test the null hypothesis that bacterial profiles were unrelated to environmental variables.
Recovery and sequence analysis of bands from DGGE gels Dominant bands in the DGGE were excised using a scalpel blade and incubated at 4
• C overnight in 20 µL of TE buffer (10 mM Tris and 1 mM EDTA, pH 8.0) before they were reamplified. The positions of the excised bands in the DGGE gel were confirmed with repeated DGGE. Bands showing the expected melting position were amplified with the secondary primer without GC-clamp. The PCR products were purified with the PCR purification kit (Takara, Japan) and subsequently cloned into pMD18-T plasmid vector and E. coli DH5a cells using pMD18-T cloning vector kit according to manufacturer's instructions (Takara, Japan). Positive clones were identified by PCR amplification with PMD-18T vector primer pairs T7 (5V-TAA TAC GAC TCA CTA TAG GG-3V) and M13 (5V-CAG GAA ACA GCT ATG ACC-3V), using the same program as 16S rRNA amplification.
DNA sequencing and phylogenetic tree Positive recombinants were then submitted for sequencing using an ABI3730 DNA Sequencer with M13 primer (Shanghai Major Biotech Co., Ltd., China). Nucleotide sequences were compared with those in the GenBank database by BLAST tool (Altschul et al. 1990 ) for identifications. All the sequences obtained in this study have been assigned to the GenBank database (Benson et al. 2010 ) with accession numbers HQ606106-HQ606136. Phylogenetic trees of 16S rRNA gene partial sequences were generated using the neighbor-joining algorithm in Mega 4.1 software (Kumar et al. 2008) . The level of support for the phylogenies derived from the neighbor-joining analysis was gauged by 1,000 bootstrap replicates.
Results

DGGE fingerprint profiles
Analysis of DGGE gel (Fig. 2) resulted in a total of 181 detectable bands in 90 different positions. The number of bands per sample varied between 10 and 25, indicating a diverse bacterial assemblage in estuary sediments. A total of 31 bands was excised and successfully sequenced (see number and position in Figure 2) . The indices of H, reflecting the structural diversity of the bacterial community, were calculated based on the number and relative intensities of bands on the gel track. As shown in Figure 3 , sites A8, A10 and A12 had lower Shannon indexes and less microbial species than other sites during our investigation. This result should suggest that bacterial community in the middle estuary (A8, A10 and A12, see Figure 1 for geographic map) has less diversity than the inner and outer parts of the estuary. Bottom water chemical quality Table 2 shows the physicochemical properties of the bottom waters. Large variation of these parameters at different sampling sites was observed. Salinity and pH measured in this study showed a gradient of increase from the inner to the outer estuary. Inorganic nutrients (NO 2 -N, NO 3 -N and TP) exhibited an opposite gradient and decreased from the inner to the outer estuary. At A2 site, the concentrations of NH 4 -N, NO 2 -N, NO 3 -N, TN and TP were higher, while water salinity and pH were lower than all the stations. SiO 3 -Si concentration of sample A8 was the highest among all the sampling stations. A12, A14 and C5 had higher salinity than the other stations.
MDSA of DGGE banding pattern
To compare broad-scale differences among sediment bacterial community profiles, an MDSA approach was employed to analyze DGGE banding patterns. Two- dimensional plots of MDSA scores for sediment samples are shown in Figure 4 . Our results demonstrated a spatial diversity in sediment bacterial community structure. The results also indicated that bacterial profiles of sites A are significantly different from those of sites B and C, with an MDSA stress value of 0.18 (stress values of below 0.2 should indicate that an MDSA ordination plot is a good spatial representation of differences between data). The banding pattern of sites A2 and A14 were scattered from the other plots. Overall, MDSA ordination plots indicated that the composition of bacterial communities varied with sampling sites.
Microbial community composition in relation to environmental variables
Multivariate statistical analysis was used to explore the relationships of environmental factors with individual group of bacterial communities. CCA was conducted for bacterial phylotypes (at least detected in three samples) and environmental variables following the approach of Muckian et al. (2007) . Eigenvalues (indicating strength of the model) for the first two multivariate axes were 0.573 and 0.453. The sum of all canonical eigenvalues was 2.810. Axes 1 and 2 were found to explain 20.4% and 36.5% of the overall variance, respectively, indicating a strong gradient in the data set. Species and environmental variables correlations for both axes were more than 0.98, suggesting that bacterial phylotypes were strongly correlated with environmental factors. Each environmental variable is represented by an arrow, which determines an axis. The projection of a taxon (indicated as triangles) on this axis shows the level of the variable where the taxon is most abundant. Based on Figure 5 , it is evident that some bacterial phylotypes showed positive correlations with NH 4 -N, TP, NO 3 -N and DO, which were distributed on the both sides of the biplot, including the sequenced bacterial phylotypes S1, S4-S8 and S12-S15 (see number and position in Figure 2) . Some bacterial phylotypes (S2, S3, S16, S23-S27 and S30-S31) were positively correlated with salinity and pH. Other bacterial phylotypes (S18-S20, S21-S22 and S26), however, had no significant correlation with water parameters.
Identification and phylogenetic analysis of the predominant bacterial phylotypes based on 16S rRNA gene sequences Sequencing analysis of the predominant phylotypes that represent the excised DGGE bands is summarized in Table 3 . Most of the sequences were similar to 16S rRNA sequences reported from uncultured organisms commonly found in environmental samples from marine sediment, soil, sludge and water. For phylogenetic analysis, the results of 16S rRNA sequences of the 31 clones from this study were compared to those in GenBank database. These bacterial sequences can be divided into seven groups by the neighbor-joining analysis: α-, β-and γ-Proteobacteria, Acidobacteria, Bacteroidetes, Cyanobacteria and Actinobacteria (Fig. 6) . Only the sequences of bands S21 and S23 were identical to cultivable bacteria (Fig. 6 ). Bands S1, S7, S12 and S18-S20 were fallen into γ-Proteobacteria cluster. 16S rRNA gene sequences of band S7 exhibited 100% similarity with uncultured Xanthomonadaceae bacterium. In the β-Proteobacteria cluster, S4 had 100% similarity with uncultured Rhodocyclaceae bacterium. Band 23 had 99% similarity with Pseudoalteromonas sp. and uncultured Psychrobacter sp. at the DNA level. In the α-Proteobacteria cluster, band S21 was 99% identical to 16S rRNA gene sequences of Methylobacterium sp. Bands S22 and S30 were fallen into Actinobacteria cluster; band S30 was 94% identical to 16S rRNA gene sequences of uncultured Frankia sp. Bands S2, S3, S5, S6, S9 and S13-S15 were clustered in the Acidobacteria, and had 90-99% similarity with Acidobacteria. Bands S17 and S29 had 96-97% similarity with uncultured Bacteroidetes bacterium. Band S25 had 100% similarity with uncultured Cyanobacterium.
Bacterial community structures obtained via DGGE for the ten stations were represented as the percentage of different groups over total community based on the density of their correlated DGGE bands (Fig. 7) . For all the samples, the major groups of bacteria were Acidobacteria (42.86%), γ-Proteobacteria (16.33%), α-Proteobacteria (14.38%), Actinobacteria (10.81%), Bacteroidetes (5.1%), β-Proteobacteria (4.25%), uncultured bacteria (4.01%) and Cyanobacteria (2.26%). Acidobacteria was the predominant group in all sampling sites, which accounted for average 29.9%-67.6% of the total DGGE. The Actinobacteria group in A8 (∼32%) was the highest compared to all other sites. The highest group in A14 station was the γ-Proteobacteria group with 34.1%. The Cyanobacteria groups, however, only were detected in B4 and B6 with the percentage of 12.5% and 8.7%, respectively.
Discussion
Our results from DGGE analysis of the whole microbial communities in the sediments of the Pear River estuary suggested that the structure of microbial communities was highly diverse and varied in ten geographically different sites ranging from inner to outer estuary. This finding is consistent with those found in the Moreton Bay, Australia (Hewson & Fuhrman 2004 ) and the Bay of Fundy, Canada (Rooney-Varga et al. 2005) . The banding patterns and numbers among all the samples indicated a diverse bacterial assemblage in the sediments of the Pearl River estuary. The MDSA of the observed DGGE banding patterns provided strong evidence that bacterial communities with substantial difference of composition existed in freshwater, brackish and marine section of the Pearl River estuary. Results also showed the large impact of land-based bacterial sources on bacterial communities. DGGE profiles in the middle estuary were significantly different from those of near shore sites with much lower diversity index, as the near shore sites received more influences from human activities and river flows. In particular, river flows carries a large number of inorganic and organic nutrients, which could have a large impact on the distribution of bacteria. Station A14, located in the outer estuary, showed dramatically different bacterial structure from other stations. In sum, our results suggested that the bacterial communities were spatially structured in the study area along the Pearl River estuary. MDSA also suggested that similar geographical distribution should have similar bacterial community in estuary sediment.
Our CCA of bacterial communities and environmental conditions suggested that the compositions of bacterial communities varied with different geographic sites, and were strongly correlated with the environmental variables. Our results suggested that TP, NH 4 -N, NO 3 -N, DO, pH and salinity are the most significant factors in determining the structure of microbial communities in the sediments of the Pearl River estuary. This result is expected since nitrogen limitation of lowtrophic ecosystem is a common feature in coastal oceans as driven by the overload of phosphorus-contained pollutions (Howarth 1988; Howarth & Marino 2006) . Heterotrophic bacteria often take up dissolved inorganic nitrogen in the form of ammonium and nitrate, although showing a lower preference for the latter (Kirchman et al. 1992) . Furthermore, it has been suggested that ammonium can at times be the dominant N source for marine bacteria (Jorgensen et al. 1994 ) that have been shown to be nitrogen-limited in certain areas (Zweifel et al. 1993) . Interestingly, our data also indicated that pH and salinity are important factors controlling the bacterial community patterns in estuarine sediments. It is generally believed that pH and salinity play important roles on the activities of benthic microbial communities. They may change the bioavailability of the nutrients and trace metals and the biogeochemical transformation of these elements in sediments (Yannarell & Triplett 2005) . Our finding of significant correlations of pH and salinity with microbial phylotype supports the arguments that fluctuation of pH and salinity could lead to substantial change of microbial communities by direct microbiological mechanisms (Stepanauskas et al. 2003; Yannarell & Triplett 2005) .
Phylogenetic analysis based on excising and sequencing the DGGE bands indicated that the 31 16S rRNA gene sequences from this field investigation could be clustered in seven taxonomic groups, including α-, β-and γ-Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes, and Cynobacterium (Fig 6.) . These results revealed a high diversity of predominant bacteria in the sediments of the Pearl River estuary. It was also found that most sequences in our sediment microbial samples showed high similarity with those of the uncultured bacteria found in soil and ground waters, which might be a strong evidence for the land-source input of microorganisms to estuarine sediments.
Sequences derived from α-, β-, and γ-Proteobacteria were commonly found in our field sites. Dominance of Proteobacteria in the sediments of the Pearl River estuary is not surprising since this group of bacteria plays critical roles in biogeochemical cycling of nitrogen, phosphorus, and sulfur in marine environments. Acidobacteria (bands S2, S3, S5, S6, S9, S13-S15, S27 and S31) is another important component of the bacterial communities in soils and sediments. It was reported that Acidobacteria generally comprises 10-50% of 16S rRNA sequences in clone libraries, estimated from field samples varying greatly in physical, biological, and biogeochemical characteristics (Barns et al. 1999; Janssen 2006) . In the studied area, Acidobacteria was the predominant group in all sampling sites, which accounted for average 29.9-67.6% of the total DGGE. The presence of large content of Acidobacteria in DGGE may be explained by its unique ability to live in metal-contaminated, acidic and other extreme environments of soils and sediments (Barns et al. 1999 ). We also found Bacteroidetes (band S17 and S29) in our studied sites, which had recently been incorporated into the members of Cytophaga-Flavobacteria/FlexibacterBacteroides (CFB) division in order to maintain the ecological coherence of bacterial taxonomy (Paster et al. 1985) . As a phylogenetically diverse group, Bacteroidetes is known as one of the hydrolytic fermentative degraders for complex polymers in anaerobic habitats, such as freshwater sediments (Rossello-Mora et al. 1999) . Bacteroidetes is also an important component of phylum Bacteroidetes, which generally includes three large classes of bacteria: Bacteroidetes, Flavobacteria, and Sphingobacteria (Garrity 2002) . Flavobacteria and Sphingobacteria are heterotrophic bacteria that are ubiquitously distributed in freshwater, seawater, sediments, and soils. Actinobacteria (bands S16, S22, and S30) is a small member of bacterial communities in marine communities (Venter et al. 2004) , although it may be dominant in some specific habitats, such as seafloor hydrates (Colwell et al. 2004 ). Our results indicate that Actinobacteria are important players in the turnover of organic matter within the Pearl River estuary ecosystems even though information on their specific role is still lacking. Cyanobacteria (band S25) are a diverse group of oxygenic photosynthetic prokaryotes, exhibiting versatile physiology and wide ecological tolerance that contribute to their competitive success over broad spectrum of environments. This study showed a phylogenetically diverse population of bacteria in the sediments of the Pearl River estuary ranging from Proteobacteria to Cyanobacteria.
